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ABSTRACT 

The substitution of matrix permeability for fracture permeability 
to simplify the simulation of complex fracture systems requires a 
radically different treatment of transport in the matrix. The 
spatial distribution of pressure is reasonably well described by 
inclusion of only the major fractures. Transport of tracer and 
heat, however, depends on a detailed knowledge of fluid 
velocities. These velocities are dependent on the active porosity 
of the system. Because fractures channel flow, the active porosity 
may be much smaller than the total porosity of the system. 
Characterization of this active porosity is necessary to quantify 
tracer and heat movement. 

INTRODUCTION 

Simulation of complex geothermal reservoirs 
i s  frequently accomplished by substituting 
matrix permeabi 1 i ty for fracture 
permeability. This results in a saving of 
computer resources and permits the simulation 
of larger and more complex fracture systems. 
The substitution of a continuum to represent 
fracture permeability involves a number of 
assumptions which must be evaluated. 
Development of continuum properties for 
representation of discrete fracture systems 
is an area of active research. Studies have 
been conducted by Clemo (1986), Dershowitz 
(1984), Endo et al., (1984), Long and 
Witherspoon (1985), and Schwartz and Smith 
(1983). 

The more intersections between fractures in a 
fracture network, the more the system is 
likely to behave as a porous medium. On a 
large scale (reservoir scale) an equivalent 
hydraulic response can be obtained by using 
an appropriate hydraulic conductivity. 
Transport depends on a detailed knowledge of 
fluid velocities, not just fluxes. As a 
result, the pore volume of the system 
involved in the movement of water must be 
well characterized. One method of treating 
transport is through the development of an 
active porosity. The active porosity may be 
much less than the total porosity of the 
system due to fracture orientation and 
preferred flow paths. 

A dual-permeability model was used to study 
the effects of replacing fracture 
permeability with matrix permeability. The 
dual -permeabi 1 i ty approach is uni que1 y 

qualified for this type of study because the 
replacement can be performed gradually so 
that the cumulative effects can be 
evaluated. This paper illustrates the 
effects of replacing discrete fracture 
permeability with matrix permeability on 
spatial pressure distribution and tracer 
transport. The effects on heat transfer are 
also considered. 

CODE DESCRIPTION 

The study was conducted using the FRACSL code 
developed at the Idaho National Engineering 
Laboratory (Miller, 1983; Clemo and Hull, 
1986). The code simulates flow in porous 
matrix blocks and discrete, parallel sided 
fractures. Transport processes included are 
advection, diffusion, dispersion, and 
diffusion from the fracture into the 
surounding matrix. For this study, 
simplified heat transport capabilities were 
added to the code. Heat transport by 
advection and conduction are computed. All 
boundaries are considered perfect insulators 
and there is no coupling of flow with thermal 
effects . 

SYSTEM DESCRIPTIONS 

The system studied _consists of an injection 
and a production well in a geothermal 
reservoir 1200 m long and 90 m high. The 
simulation is two-dimensional and a slice of 
unit thickness through the reservoir 
assumed. Fluid properties used were those 
for 175OC. Six variations were simulated. 
The base system is a fracture network 
consisting of 22 fractures (Figure 1). Three 
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Tab le  1. Summary o f  c h a r a c t e r i s t i c s  o f  t h e  s i x  d u a l - p e r m e a b i l i t y  systems s i m u l a t e d .  

Number o f  Connect ing H y d r a u l i c  A c t i v e  Pore 
System D e s c r i p t i o n  F r a c t u r e s  Paths C o n d u c t i v i t y  Vol ume 

(m/day) (X) 

1 M a t r i x  o n l y  0 0 7.9 108 

2 No f r a c t u r e  connec t ion  5 0 0.78 
between we1 1 s 

3 One c ross  connec t ion  10 4 0.42 
between we1 1 s 

4 Severa l  connec t ions  14 12 0.18 
between we1 1 s 

78 

36 

44 

5 F u l l  network 22 2 1  0.009 40 

6 S i n g l e  f r a c t u r e  1 1 0.009 16 

a d d i t i o n a l  f r a c t u r e  networks were d e r i v e d  
from t h e  base system by removing f r a c t u r e s  
from t h e  system, s t a r t i n g  w i t h  t h e  s m a l l e s t  
f r a c t u r e s .  T h i s  c r e a t e d  f o u r  f r a c t u r e  
systems o f  d i f f e r i n g  c o m p l e x i t y .  A f i f t h  
system was c r e a t e d  which c o n s i s t s  e n t i r e l y  o f  
porous m a t r i x .  The s i x t h  and f i n a l  system i s  
a s i n g l e  f r a c t u r e  connec t ing  t h e  i n j e c t i o n  
and p r o d u c t i o n  w e l l s .  

System 5 was d e f i n e d  as t h e  base case and t h e  
o t h e r  systems were d e r i v e d  f rom System 5. 
Tab le  1. shows t h e  c h a r a c t e r i s t i c s  o f  t h e  s i x  
systems. A l l  t h e  systems have t h e  same 
e f f e c t i v e  h y d r a u l i c  c o n d u c t i v i t y .  For t h e  
same s t e a d y - s t a t e  i n j e c t i o n  and p r o d u c t i o n  
r a t e s ,  t h e  p ressu re  d i f f e r e n c e  between 
i n j e c t i o n  and p r o d u c t i o n  w e l l s  i s  i d e n t i c a l .  
T h i s  i s  accompl ished by i n c r e a s i n g  m a t r i x  
p e r m e a b i l i t y  as f r a c t u r e s  a r e  removed f rom 

System 2 ,  No f r a c t u r e  connec t ions  

F i a u r e  1. S teadv -s ta te  Dressure d i s t r i b u t i o n s  

t h e  system. For System 6, t h e  m a t r i x  
p e r m e a b i l i t y  was s e t  equal  t o  t h a t  f o r  System 
5 and t h e  a p e r t u r e  o f  t h e  s i n g l e  f r a c t u r e  
a d j u s t e d  u n t i l  t h e  p ressu re  d i f f e r e n c e  
matched t h a t  o f  System 5. 

The p o r o s i t y  o f  t h e  f r a c t u r e  system, 
c a l c u l a t e d  by d i v i d i n g  t h e  volume o f  
f r a c t u r e s  by  t h e  t o t a l  volume o f  t h e  
r e s e r v o i r ,  i s  T h e r e f o r e ,  t h e  m a t r i x  
p o r o s i t y  o f  t h e  systems was s e t  t o  t o  
mimic t h a t  o f  t h e  f r a c t u r e  system. T h i s  
smal l  m a t r i x  p o r o s i t y  was used so t h a t  t h e  
m a t r i x  f l o w  r a t e s  would be s i m i l a r  t o  f l o w  
r a t e s  i n  t h e  f r a c t u r e  system. One 
consequence o f  t h i s  v e r y  smal 1 m a t r i x  
p o r o s i t y  i s  t h a t  d i f f u s i o n  o f  t r a c e r  i n t o  t h e  
m a t r i x  i s  e s s e n t i a l l y  p reven ted .  T race r  can, 
however, advec t  i n t o  t h e  m a t r i x  f o r  t h e  
systems w i t h  s i g n i f i c a n t  m a t r i x  p e r m e a b i l i t y .  

System 5,  F u l l  f r a c t u r e  network 

f o r  d u a l - p e r m e a b i l i t y  f r a c t u r e  networks.  The 
networks a r e  shown as da rke r  l i n e s  on t h e  g r i d  r e p r e s e n t i n g  t h e  p ressu re  d i s t r i b u t i o n .  
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F i g u r e  2 .  T r a c e r  b reak through curves  f o r  t h e  
s i n g l e  f r a c t u r e ,  f u l l  f r a c t u r e  ne twork ,  and 
t h e  porous m a t r i x  r e p r e s e n t a t i o n  o f  t h e  
geothermal  r e s e r v o i r .  One-thousand p a r t i c l e s  
were i n j e c t e d .  

The a c t i v e  pore  volume shown i n  Tab le  1 i s  
t h e  r a t i o  o f  p o r e  volume c a l c u l a t e d  f r o m  
t r a c e r  b reak through t o  t o t a l  system pore  
volume. T r a c e r  b reak through pore  volume i s  
c a l c u l a t e d  f r o m  t h e  volume o f  f l u i d  wh ich  had 
been pumped a t  t h e  t i m e  50% o f  t h e  i n j e c t e d  
t r a c e r  had been recovered.  For  t h e  s i n g l e  
f r a c t u r e  r e p r e s e n t a t i o n  o f  t h e  r e s e r v o i r ,  
o n l y  a v e r y  smal l  volume o f  t h e  system i s  
a c t i v e l y  i n v o l v e d  i n  s o l u t e  t r a n s p o r t .  For  
t h e  porous m a t r i x  r e p r e s e n t a t i o n ,  t h e  e n t i r e  
system p a r t i c i p a t e s  i n  s o l u t e  t r a n s p o r t .  The 
v a r i o u s  f r a c t u r e  systems have an i n t e r m e d i a t e  
v a l u e  f o r  a c t i v e  p o r o s i t y .  

S IMULATI ON RESULTS 

S i m u l a t i o n s  f o r  each o f  t h e  s i x  systems 
p r o v i d e d  s t e a d y - s t a t e  p r e s s u r e  d i s t r i b u t i o n ,  
t r a c e r  b reak through,  and d i s t r i b u t i o n  o f  t h e  
thermal  f r o n t .  

Pressure  D i s t r i b u t i o n  

The s t e a d y - s t a t e  p r e s s u r e  d i s t r i b u t i o n  f o r  
Systems 1 and 6 showed a u n i f o r m ,  f e a t u r e l e s s  
p r e s s u r e  d e c l i n e  f r o m  t h e  i n j e c t i o n  w e l l  t o  
t h e  p r o d u c t i o n  w e l l .  The f r a c t u r e  networks,  
however, showed s p a t i a l  v a r i a t i o n s  i n  
p r e s s u r e  due t o  t h e  d i s t r i b u t i o n  o f  
f r a c t u r e s .  The s p a t i a l  v a r i a t i o n s  i n  
p r e s s u r e  a r e  v e r y  s i m i l a r  f o r  a l l  o f  t h e  
f r a c t u r e  ne tworks  ( F i g u r e  1). T h i s  i n d i c a t e s  
t h a t  o n l y  t h e  l a r g e s t ,  most  s i g n i f i c a n t  
f r a c t u r e s  need be i n c l u d e d  i n  a s i m u l a t i o n  t o  
o b t a i n  a reasonab le  e s t i m a t e  o f  s p a t i a l  
p r e s s u r e  d i s t r i b u t i o n .  A s  a r e s u l t ,  t h e  
genera l  d i s t r i b u t i o n  o f  f l o w  i n  t h e  systems 
s h o u l d  be f a i r l y  s i m i l a r .  T h i s  s i m i l a r i t y  
r e q u i r e s  r e p l a c i n g  t h e  s m a l l e s t  f r a c t u r e s  
w i t h  m a t r i x  and e x p l i c i t l y  s i m u l a t i n g  t h e  
l a r g e r  f r a c t u r e s .  The more dominant  e f f e c t s  
o f  t h e  major  f r a c t u r e s  must be r e t a i n e d .  

T r a c e r  T r a n s p o r t  

The method o f  r e p r e s e n t i n g  p e r m e a b i l i t y  has a 
tremendous e f f e c t  on t r a c e r  t r a n s p o r t .  
F i g u r e  2 shows t r a c e r  b reak through f o r  
Systems 1, 5,  and 6. The concept  o f  a c t i v e  
p o r o s i t y  i s  most  e a s i l y  demonstrated w i t h  
t h i s  f i g u r e .  For  t h e  s i n g l e  f r a c t u r e ,  a l l  
f l u i d  moves a l o n g  a s i n g l e  p a t h  wh ich  
encompasses a v e r y  smal l  volume o f  t h e  
r e s e r v o i r .  As a r e s u l t ,  t r a c e r  b reak through 
occurs  r a p i d l y  and i s  d i s t r i b u t e d  over  a v e r y  
s h o r t  t i m e  i n t e r v a l .  On t h e  o t h e r  hand, t h e  
e n t i r e  volume o f  t h e  r e s e r v o i r  i s  swept by  
t h e  t r a c e r  when a porous m a t r i x  
r e p r e s e n t a t i o n  i s  used. Thus t h e  a c t i v e  
p o r o s i t y  i s  a maximum, and t h e  a r r i v a l  o f  t h e  
t r a c e r  t a k e s  t h e  l o n g e s t  t i m e .  Because f l o w  
i s  u n i f o r m l y  d i s t r i b u t e d  over  t h e  r e s e r v o i r ,  
t h e  d i s t r i b u t i o n  o f  a r r i v a l  t i m e s  i s  v e r y  
c l u s t e r e d ,  and t h e  break through c u r v e  i s  
f a i r l y  s teep.  

For  t h e  f r a c t u r e  ne twork ,  an i n t e r m e d i a t e  
b reak through c u r v e  i s  o b t a i n e d .  Some t r a c e r  
a r r i v e s  f a i r l y  r a p i d l y ,  moving a l o n g  t h e  most 
d i r e c t  d i s c r e t e  f r a c t u r e  pathway. Other  
t r a c e r  moves a l o n g  l e s s  d i r e c t  pathways and 
t a k e s  a l o n g e r  t i m e  t o  a r r i v e  a t  t h e  
p r o d u c t i o n  w e l l .  Because o f  t h e  w ide  
d i s t r i b u t i o n  o f  f l o w  r a t e s  i n  t h e  many 
f r a c t u r e  f l o w  paths ,  t h e  d i s t r i b u t i o n  o f  
t r a c e r  a r r i v a l  t i m e s  i s  v e r y  b road.  

Break through curves  a r e  more s i m i l a r  f o r  t h e  
t h r e e  systems where a f r a c t u r e  connect ion  
between t h e  i n j e c t i o n  and p r o d u c t i o n  w e l l s  
was r e t a i n e d  ( F i g u r e  3 ) .  Small  d i f f e r e n c e s  
e x i s t  due t o  t h e  number o f  c o n n e c t i n g  p a t h s  
and t h e  rep lacement  o f  d i s c r e t e  f r a c t u r e  
pathways w i t h  porous m a t r i x .  The genera l  
shape o f  t h e  break through curves  i s  s i m i l a r  
because most o f  t h e  t r a c e r  s t i l l  t r a v e l s  
t h r o u g h  t h e  f r a c t u r e  system. The t a i l  on t h e  
break through curves  f o r  Systems 3 and 4,  

5YSTC:r 3 - 
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F i g u r e  3.  T r a c e r  b reak through curves  f o r  
t h r e e  f r a c t u r e  ne tworks  wh ich  r e t a i n  a 
d i s c r e t e  c o n n e c t i o n  between t h e  i n j e c t i o n  and 
p r o d u c t i o n  w e l l s  b u t  wh ich  have d i f f e r e n t  
m a t r i x  c o n d u c t i v i t y .  
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F i g u r e  4 .  S p a t i a l  d i s t r i b u t i o n  o f  t r a c e r  remain ing  i n  System 5 a t  10 days. 
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F i g u r e  5 .  S p a t i a l  d i s t r i b u t i o n  o f  t r a c e r  r e m a i n i n g  i n  System 3 a t  10 days. 

however, i s  much l o n g e r  t h a n  t h e  t a i l  f o r  
System 5 .  T h i s  i s  because s i g n i f i c a n t  m a t r i x  
p e r m e a b i l i t y  i n  Systems 3 and 4 r e s u l t s  i n  
t r a c e r  e n t e r i n g  t h e  m a t r i x .  Even though t h e  
m a t r i x  p o r o s i t y  i s  t h e r e  i s  a 
s i g n i f i c a n t  i n c r e a s e  i n  t h e  r e s i d e n c e  t i m e  o f  
t r a c e r  i n  t h e  r e s e r v o i r .  Thus, s i m p l y  u s i n g  
a m a t r i x  w i t h  a smal l  p o r o s i t y  t o  r e p r e s e n t  
f r a c t u r e s  may n o t  be s u f f i c i e n t .  

The i n c r e a s e  i n  a c t i v e  p o r o s i t y  i s  shown by 
comparison o f  F i g u r e s  4 and 5 .  These f i g u r e s  

show t h e  s p a t i a l  d i s t r i b u t i o n  o f  t r a c e r  10 
days i n t o  t h e  i n j e c t i o n  t e s t .  For System 5 
( F i g u r e  4 ) ,  t h e  t r a c e r  has remained i n  t h e  
f r a c t u r e s  and t h e  m a t r i x  does n o t  p a r t i c i p a t e  
i n  t h e  movement o f  t r a c e r .  F i g u r e  5 shows 
t h e  d i s t r i b u t i o n  o f  t r a c e r  f o r  System 3, 
which has s i g n i f i c a n t  m a t r i x  p e r m e a b i l i t y  
r e l a t i v e  t o  System 5. In t h i s  case, t r a c e r  
moves f r o m  t h e  f r a c t u r e s  th rough t h e  m a t r i x .  
T h i s  m a t r i x  i n c r e a s e s  the  r e s i d e n c e  t i m e  o f  
t h e  t r a c e r  t h a t  t r a v e l s  by  these p a t h s .  
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3 I When f r a c t u r e  p e r m e a b i l i t y  was r e p l a c e d  w i t h  

a 28 20 68 m a t r i x  p e r m e a b i l i t y ,  t h e  a c t i v e  p o r o s i t y  o f  
TI.. ( 6 . Y S l  t h a t  p a r t  o f  t h e  system was inc reased .  Based 

F i g u r e  6. E f f e c t  o f  a d j u s t i n g  m a t r i x  p o r o s i t y  on t h e  r e s u l t s  f rom System 6, a s i n g l e  
t o  match a c t i v e  p o r o s i t y  e s t i m a t e s  on t r a c e r  f r a c t u r e  has an a c t i v e  p o r o s i t y  0.16 t imes  
b reak th rough .  t h e  t o t a l  p o r o s i t y .  As most m a t r i x  b l o c k s  

The e f f e c t  o f  f r a c t u r e s  on channe l i ng  f l o w  
th rough  t h e  system can be seen i n  F i g u r e  5 .  
Trace r  i s  r io t  u n i f o r m l y  d i s t r i b u t e d  
th roughou t  t h e  m a t r i x ,  b u t  i s  c o n f i n e d  t o  
m a t r i x  i n  a few areas between f r a c t u r e s .  The 

F i g u r e  7 .  Comparison o f  t r a c e r  and thermal  b reak th rough  f o r  a s i n g l e  f r a c t u r e  connec t ing  an 
i n j e c t i o n  and p r o d u c t i o n  w e l l .  
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F i g u r e  8. S p a t i a l  d i s t r i b u t i o n  o f  c o o l i n g  i n  t h e  geothermal r e s e r v o i r  a t  2000 days due t o  
i n j e c t i o n  f o r  f l o w  th rough  a s i n g l e  f r a c t u r e .  V e r t i c a l  sp read ing  o f  t h e  thermal  f r o n t  i s  
exagera ted  by  a f a c t o r  o f  7.4.  
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F i g u r e  9 .  S p a t i a l  d i s t r i b u t i o n  of c o o l i n g  
i n j e c t i o n  i n  t h e  f r a c t u r e  network.  

r e p r e s e n t  t h e  rep lacement  o f  a s i n g l e  
f r a c t u r  u s i n g  a m a t r i x  p o r o s i t y  o f  
l.OX1O-g’may o v e r e s t i m a t e  t h e  a c t i v e  
p o r o s i t y  by a f a c t o r  o f  6.25. System $ was 
r e s i m u l a t e d  u s i n g  a v a l u e  o f  0.16X10- f o r  
t h e  m a t r i x  p o r o s i t y  t o  determine i f  t h e  
a c t i v e  p o r o s i t y  d i d  a b e t t e r  j o b  o f  e m u l a t i n g  
t h e  f u l l  network.  The a c t i v e  p o r o s i t y  f o r  
t h e  e n t i r e  r e s e r v o i r ,  based on Systems 3,  4, 
and 5, i s  on t h e  o r d e r  o f  40%. System 1 was 
r e s i m u l a t e d  u s i n g  a p o r o s i t y  o f  0.4X10-4 t o  
match t h e  a c t i v e  p o r o s i t y  o f  t h e  f r a c t u r e  
networks.  

F i g u r e  6 shows t h e  e f f e c t s  o f  u s i n g  t h e  
a c t i v e  p o r o s i t y  t o  s i m u l a t e  t r a n s p o r t  i n  t h e  
m a t r i x  r a t h e r  t h a n  t h e  t o t a l  p o r o s i t y .  Us ing  
an a c t i v e  p o r o s i t y  o f  0.16X10-4 i n  System 2 
r e s u l t e d  i n  a tremendous improvement i n  
ma tch ing  t h e  response o f  t h e  f u l l  f r a c t u r e  
network.  Using an a c t i v e  p o r o s i t y  f o r  t h e  
f u l l  m a t r i x  r e p r e s e n t a t i o n  improved t h e  match 
t o  t h e  mean a r r i v a l  t i m e ,  b u t  t h e  
b reak th rough  cu rve  has t h e  wrong shape. Too 
much i n f o r m a t i o n  on t h e  f l o w  system was l o s t  
when a l l  t h e  f r a c t u r e  p e r m e a b l i t i t y  was 
r e p l a c e d  w i t h  m a t r i x  p e r m e a b i l i t y .  When t h e  
ma jo r  f r a c t u r e s  were e x p l i c i t l y  cons ide red ,  
s u f f i c i e n t  i n f o r m a t i o n  on t h e  f l o w  system 
remained t o  ach ieve  a good match between t h e  
f u l l  f r a c t u r e  system and a system where most 
o f  t h e  f r a c t u r e  p e r m e a b i l i t y  had been 
r e p l a c e d  w i t h  m a t r i x  p e r m e a b i l i t y .  

Thermal Response 

As used f o r  these s i m u l a t i o n s ,  t h e  code does 
n o t  t a k e  i n t o  account  t h e  e f f e c t s  o f  d e n s i t y  
d i f f e r e n c e s  between f l u i d s .  S imple 
c a l c u l a t i o n s  i n d i c a t e  t h a t  d e n s i t y  
d i f f e r e n c e s  can induce p r e s s u r e  d i f f e r e n c e s  
as l a r g e  o r  l a r g e r  t h a n  those  developed f rom 
t h e  f l o w  a lone .  T h e r e f o r e ,  t h e  r e s u l t s  
p resen ted  he re  a r e  more a p p l i c a b l e  t o  t h e  

i n  
laed 

t h e  geothermal r e s e r v o i r  a t  2000 days due t o  

phenomenon o f  hea t  conduc t ion  f rom t h e  
f r a c t u r e  t o  t h e  m a t r i x  t h a n  f o r  r e s e r v o i r  
s c a l e  t r a n s p o r t .  

The t i m e  r e q u i r e d  f o r  t h e  system t o  respond 
t h e r m a l l y  i s  much g r e a t e r  t han  t h e  t i m e  
r e q u i r e d  f o r  t h e  system t o  respond t o  t r a c e r  
i n j e c t i o n .  T h i s  d i f f e r e n c e  i s  a t t r i b u t a b l e  
t o  two d i f f e r e n c e s  between t r a c e r  and h e a t .  
D i f f u s i o n  o f  t r a c e r  i n t o  t h e  m a t r i x  i s  
dependent on t h e  open p o r o s i t y  o f  t h e  m a t r i x  
and on t h e  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  
t r a c e r .  Both these  numbers a r e  v e r y  s m a l l .  
The d i f f u s i o n  o f  h e a t  i n t o  t h e  m a t r i x  
( c o n d u c t i o n )  i s  dependent on t h e  h e a t  
c a p a c i t y  o f  t h e  m a t r i x  and on t h e  thermal  
d i f f u s i v i t y  o f  t h e  r o c k .  These number 
combine t o  g i v e  a f a c t o r  about  t h r e e  o r d e r s  
o f  magni tude g r e a t e r  f o r  thermal  conduc t ion  
t h a n  f o r  t r a c e r  d i f f u s i o n .  

F i g u r e  7 shows t h e  d i f f e r e n c e  i n  t i m e  f o r  
t r a c e r  b reak th rough  and thermal  b reak th rough  
t o  occur  f o r  t h e  s i n g l e  f r a c t u r e .  The t i m e  
s c a l e  i s  l o g a r i t h m i c  t o  accommodate t h e  l a r g e  
d i f f e r e n c e  i n  b reak th rough  t imes .  F i g u r e  8 
shows t h e  p o r t i o n  o f  t h e  r e s e r v o i r  t h a t  has 
coo led  a t  a t i m e  2000 days a f t e r  i n j e c t i o n  
began. Only  a sma l l  f r a c t i o n  o f  t h e  
r e s e r v o i r  i s  p a r t i c i p a t i n g  i n  t h e  r e h e a t i n g  
o f  t h e  i n j e c t e d  f l u i d .  F i g u r e  9 shows t h e  
p o r t i o n  o f  t h e  r e s e r v o i r  t h a t  has coo led  
a f t e r  2000 days f o r  t h e  f u l l  f r a c t u r e  
system. The c o o l i n g  f r o n t  has moved o n l y  
about  o n e - t h i r d  o f  t h e  d i s t a n c e  across t h e  
r e s e r v o i r .  T h i s  shows t h a t  t h e  f r o n t  w i l l  
p rog ress  a t  a r a t e  r o u g h l y  p r o p o r t i o n a l  t o  
t h e  a c t i v e  p o r o s i t y  o f  t h e  r e s e r v o i r .  The 
a c t i v e  p o r o s i t y  o f  System 5 i s  about  2 .5 
t i m e s  t h e  a c t i v e  p o r o s i t y  o f  System 6. I f  
t h i s  i s  indeed t h e  case, t h e n  t h e  i n f o r m a t i o n  
on a c t i v e  p o r o s i t y  o b t a i n e d  f rom t r a c e r  
t e s t i n g  w i l l  be v e r y  a p p l i c a b l e  t o  p r e d i c t i o n  
o f  thermal  breakthrough.  
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For  t h e  porous m a t r i x  r e p r e s e n t a t i o n  o f  t h e  
r e s e r v o i r ,  System 1, t h e  thermal  f r o n t  
p rogresses  v e r y  s l o w l y  away f r o m  t h e  
i n j e c t i o n  w e l l .  T h i s  s l o w  r a t e  o f  movement 
i s  due t o  t h e  complete e x t r a c t i o n  o f  h e a t  
f r o m  t h e  r e s e r v o i r  r o c k .  Use o f  t h e  porous 
m a t r i x  r e p r e s e n t a t i o n  o f  t h e  r e s e r v o i r  would 
g r e a t l y  o v e r e s t i m a t e  t h e  t i m e  f o r  thermal  
b reak through t o  occur .  

CONCLUSIONS 

S i m u l a t i o n s  were conducted o f  s i x  representa-  
t i o n s  o f  a geothermal  r e s e r v o i r .  The systems 
d i f f e r e d  w i t h  r e s p e c t  t o  t h e  number o f  
f r a c t u r e s ,  t h e  c o n n e c t i v i t y  o f  t h e  f r a c t u r e  
system, and t h e  p e r m e a b i l i t y  o f  t h e  m a t r i x  
m a t e r i a l .  S t e a d y - s t a t e  p r e s s u r e  response and 
t r a c e r  b r e a k t h r o u g h  were c a l c u l a t e d  f o r  each 
o f  t h e  systems. Very good agreement was 
o b t a i n e d  be tween d u a l - p e r m e a b i l i t y  
r e p r e s e n t a t i o n s  o f  f r a c t u r e  ne tworks  and t h e  
f r a c t u r e  ne twork  when a c t i v e  p o r o s i t y  was 
used i n  t h e  m a t r i x  e lements.  

Thermal response o f  t h e  s i n g l e  f r a c t u r e ,  t h e  
comple te  f r a c t u r e  ne twork ,  and o f  t h e  porous 
medium system were c a l c u l a t e d .  Thermal 
b reak through i n  t h e  s i n g l e  f r a c t u r e  case 
o c c u r r e d  a f t e r  some 2000 days o f  i n j e c t i o n  
w h i l e  t r a c e r  b reak through o c c u r r e d  w i t h i n  a 
few days. The r a t e  o f  advance o f  t h e  thermal  
f r o n t  seems t o  be r e l a t e d  t o  t h e  a c t i v e  
p o r o s i t y  o f  t h e  system. I f  t h i s  i s  t h e  case, 
t h e n  a c t i v e  p o r o s i t y  de termined f r o m  t r a c e r  
t e s t s  w i l l  be a u s e f u l  t o o l  i n  c a l c u l a t i n g  
thermal  b reak through.  
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